The Delaware estuary was sampled at lo-14 stations along the main salinity axis from February to August 1985. Dissolved free and combined amino acid concentrations ranged from 50 nM to 1.4 PM and 0.1 to 8.0 PM, respectively. Combined amino acid concentrations were generally higher than dissolved free amino acids. Highest amino acid concentrations wcrc measured in the lower estuary in early spring. Molecular weight analysis of the dissolved combined amino acids revealed that a high percentage of the pool contained peptidcs of < 1,000 daltons.
primarily consist of serine, glycine, aspartate, and alanine (Riley and Segar 1970; Daumas 1976; Sigleo et al. 1983 ). Thus, the DCAA pool may better meet the bacterial requirements for protein metabolism than does the DFAA pool. Dissolved combined amino acids may be important and frequcntly overlooked bacterial substrates (Hollibaugh and Azam 1983) .
Recent studies of proteolytic activity in seawater support the importance of protein as a bacterial substrate. Proteolytic activity is primarily associated with particles of bacterial size (Somville and Billen 1983) and correlates positively with bacterial growth (Ross0 and Azam 1987) in seawater. In addition, proteolytic activity correlates well with amino acid uptake (Somville and BilIcn 1983) and phytoplankton production (Lancelot and Billen 1984) , suggesting that phytoplankton are a source of protein for bacteria.
Bacterial protein uptake rates have been measured in only a few studies, but they suggest that combined amino acids in seawater are important bacterial substrates (Amano et al. 1982; Hollibaugh and Azam 1983; Kirchman and Hodson 1984) . Bovine serum albumin (BSA) was actively degraded by enzymes bound to particles in natural seawater samples, presumably bacteria (Hollibaugh and Azam 1983) . Turnover rates of the BSA and leucine were similar in natural samples, suggesting that protein 531 and free amino acids were consumed at similar rates. In another study, bacteria showed strong preference for short peptides over free amino acids (Kirchman and Hodson 1984) .
The concentration, molecular weight distribution, and bacterial uptake of the DFAA pool over large spatial and temporal scales in the Delaware estuary were examined in this study. A commercially prepared 14C-labeled algal protein was used to investigate uptake of DCAA. Competition experiments were used to ensure that the labeled algal protein is a valid tracer for protein metabolism. Turnover rates of the DFAA and DCAA pools were compared to estimate the relative contributions of the amino acid sources to the total bacterial amino nitrogen supply.
Methods and materials
Study area and sampling-The Delaware estuary ( Fig. 1 ) is a drowned river valley with a drainage basin of 33,000 km2 that extends into the Pocono and Catskill Mountains. For most of the year, the estuary is well mixed vertically, but increased river flow during spring runoff creates stratification (Sharp et al. 1986 ). Vertical stratification in spring and increased light in summer result in maximal phytoplankton production in the lower estuary (Pennock and Sharp 1986 ). In the upper estuary, high turbidity (Biggs et al. 1983 ) limits the light available to phytoplankton (Pennock and Sharp 1986) . As a result of higher phytoplankton production in the lower estuary, concentrations of dissolved amino acids are substantially higher compared to the rest of the estuary (Coffin 1986) . In response to the higher concentrations of bacterial substrate in the lower estuary, bacterial production is also high (Coffin and Sharp 1987) .
The estuary was sampled seven times from fixed stations along the main salinity axis, between 10 km outside the mouth of the estuary and 130 km upstream, -30 and O%O (Fig. 1) . Water samples were taken l-2 m below the surface with lo-liter Niskin bottles loaded onto a rosette sampler. Details of sampling and routine analyses are presented elsewhere (Sharp et al. 1982; Coffin and Sharp 1987) . Subsamples from the Niskin bottles were poured into acid-and distilled water-rinsed polycarbonate bottles and processed immediately for amino acid analyses and bacterial parameters. Processing time was generally < 1 h.
Bacterial uptake of amino acids and protein -Water samples from hydrocasts were dispensed into glass test tubes that had been soaked in 25% HCl overnight and rinsed with deionized water from a Millipore Milli-Q system. Parallel assimilation and respiration samples were prepared in triplicate. A time-zero blank was prepared for each set of assimilation and respiration samples. Incubations, at ambient temperatures, lasted 10 min-l h, depending on temperature,, Incubation of assimilation samples was terminated by filtration through Millipore HA filters. Respiration samples received 0.1 ml, 50% phosphoric acid and samples were shaken gently for 1 h. Respired 14C02 was trapped on Protosol-soaked, Whatman ribbon TLC papers that had been inserted into plastic wells fitted on the rubber stoppers (Hobbie and Crawford 1969) . Assimilation
efficiencies were calculated as the ratio of dpm in the assimilation sample to the total uptake. Samples were radioassayed with Aquasol-(NEN) scintillation cocktail in a Packard Tri-carb scintillation counter. Quench corrections were obtained with the external standard channels ratio method. Total compound metabolism was estimated by combining assimilation and respiration measurements.
Concentrations of radiolabeled amino acids and protein added to water samples varied depending on the type of substrate and the specific experiment. When appropriate, substrate additions were small to ensure tracer-level experiments. A radiolabeled amino acid mixture that contained 15 amino acids approximating the composition of an algal protein hydrolysate (New England Nuclear, NEN-445) was used to estimate bacterial uptake of amino acids (Williams et al. 1976; Palumbo et al. 1983; Ferguson and Sunda 1984; Fuhrman and Ferguson 1986) . Although uptake estimates obtained with an amino acid mixture may not accurately reflect actual amino acid uptake rates, comparisons of individual amino acids with mixtures have resulted in similar estimates (Williams et al. 1976) . For the measurements of amino acid fluxes, final concentrations of dissolved free 14C amino acid mixtures were 74.3 pmol(l.25 nCi per 1 O-ml sample). Algal 14C-labeled proteins (ICN) were added at concentrations of 7.82 ng ( 1 O-ml sample) -an amino acid conccntration of -66 pm01 (1 O-ml sample), assuming an average molecul$r weight of 117 (averaged from Delaware estuary DCAA concentrations) in the protein.
Turnover times (Tn) of the labeled amino acids and proteins were estimated from Tn = t/f where t is the incubation time andfthe ratio of dpm incorporated by bacteria during the incubation to the amount of dpm added (Wright and Burnison 1979) . Then, to calculate the turnover rate of DFAA and DCAA, I divided the natural amino acid concentrations by Tn.
Competition experiments-Competition experiments tested the validity of using the radiolabeled algal protein as a tracer for uptake of proteins and pcptides in the estuary.
In these experiments I compared the ability of unlabeled amino acids, peptides, and proteins to inhibit the uptake of the labeled protein and amino acids. Experiments were conducted by placing loo-ml samples of natural water in sterile Whirl-Pak bags. Unlabeled compounds were added to samples, followed by the tracer compound. Immediately after adding the labeled substrate, duplicate, 1 O-ml time-zero subsamples were hltered through Millipore-HA filters. Filters were analyzed for radioactivity as described above. Subsequent subsamples were taken every 15 min for 1 h. Unlabeled proteins included BSA (67,000 daltons), cytochrome c (12,400 daltons), and Isochrysis galbana protein (75% > 100,000 daltons, 25% < 1,000 daltons). Unlabeled peptides includcd triglycine, tetraglycine, trivaline, and trilysine.
Amino acid analysis-Amino acids were measured as dissolved free and combined components. The DFAA pool was the fraction that passed through a glass-fiber filter. Total dissolved amino acids (TDAA) were the amino acids measured as DFAA after acid hydrolysis. The DCAA fraction was TDAA minus DFAA. In addition, the DCAA pool was separated into fractions of MW < 100,000 and MW < 1,000 daltons.
Seawater samples for amino acid analysis were gravity filtered through baked (450°C > 1 h) Whatman GFK glass-fiber filters. Samples for DFAA measurement were collected in baked glass vials and immediately frozen in Dry Ice. These samples were stored at -40°C in an ultra-clean freezer for up to 6 months until analysis could be completed. TDAA samples were stored with an equal volume of concentrated HCl in ampoules sealed under high-purity nitrogen gas. Blanks for TDAA were prepared by sealing acid in ampoules with the same procedure.
For measurements of DCAA in the 1 ,OOOand 1 OO,OOO-dalton pools, samples were first filtered through baked glass-fiber filters to remove the large material. Filtrates were then pressure filtered, in parallel, with highpurity nitrogen gas through the appropriate Millipore ultrafilters. Ultrafiltrates were then processed in the same fashion as the TDAA.
Before molecular size analysis of the com- bined amino acid pool, the filtration characteristics of the ultramembranes were examined by UV adsorption at 2 10 nm of known molecular weight markers ( Table 1) . The 1 OO,OOO-dalton filter retained proteins of < 100,000 daltons. Only 78% of cytochrome c (12,400 daltons) passed through the filter and only 6.8% of BSA (67,000 daltons) passed through it. The l,OOO-dalton filters worked well; triglycine remained in the filtrate and the other proteins were retained.
In the laboratory, the samples for TDAA (MW fractions of < 1,000 and < 100,000 daltons) were baked for 24 h at 110°C. Ampoules were opened and the sample was evaporated to dryness at 80°C under a constant flow of nitrogen gas. The hydrolyzed samples were dissolved in 0.4 M borate buffer (pH 9.5).
Amino acid concentrations were measured by precolumn o-phthaldialdehyde (OPA) fluorescent derivatization and reversed-phase HPLC identification of derivatized amino acids (Lindroth and Mopper 1979) . The sample reaction mixture for DFAA consisted of 10 ~1 of OPA (50 mg of OPA in 1 ml of methanol, 4 ml of recrystallized 0.4 M boric acid buffer, pH 9.5, and 50 ~1 of mercaptoethanol), 100 ~1 of boric acid buffer, and 1 ml of sample. Samples were reacted for 2 min before injection into the column through a lOO+l sample loop. The aqueous mobile phase was 89% 0.05 M sodium acetate, 10% methanol, and 1% tetrahydrofuran and the organic mobile phase was 100% methanol (modified from Jones et al. 198 1) . For optimal elution of the amino acids, the gradient was from 20% aqueous phase to 70% organic phase for 15 min, with linear 2-3-min steps in the gradient at 30 and 48%, at a flow rate of 1.0 ml min-l. Ten-centimeter columns packed with Shandon 3.0~burn C,, spheres were used for most of the analyses. The HPLC system consisted of a Beckman 400 controller with two Beckman 100-s pumps, a Perkin Elmer 400-s fluorescence detector, and an HP integrator. Peaks eluting in sample gradient runs were compared to standard mixtures of 20 amino acids. The analytical C.V. of replicate, 20 amino acid standard mixtures ranged from 1.6 to 14.3% for the amino acids tryptophan and glycine; overall, the average C.V. for the 20 amino acids was 5.6543.45%.
Results and discussion
Laboratory experiments -Bacterial incorporation of the labeled algal protein and free amino acids was compared in natural, l.O-pm Nuclepore-filtered water for a 24-h experiment. During the experiment, labeled protein was taken up at a rate of 0.16% h-l and labeled amino acid mixture was consumed at 1.8% h-l (Fig. 2) . Although amino acids were taken up at a faster rate, ambient free amino acid concentrations were 138 nM and combined amino acid concentrations were 7.7 PM. If we account for natural concentrations of the two amino acid pools, DCAA uptake was faster (12.4 nM h -l) than the uptake rate for free amino acids (2.5 nM h-l). This experiment suggested that DCAA is an important bacterial substrate.
The estimate for protein uptake assumes that all of the measured DCAA is protein.
As a result of this assumption, protein uptake is likely overestimated. Humic acid and melanoidins are formed by condensation reactions with sugars and amino acids (Abelson and Hare 197 1) . If free amino acids are bound to humus they may not be readily available to bacteria for uptake. These amino acids will be measured as corn bined amino acids, however, upon acid hydrolysis. Estimates indicate that proteins constitute 20-80% of the dissolved organic nitrogen in seawater (Sigleo et al. 1983; Sharp 1975; Gardner and Stephens 1978) . If proteins account for 20-80% of the DCAA pool in the Delaware estuary, DCAA was still an important bacterial substrate. Additional information indicating that DCAA is an im- portant bacterial substrate comes from a study examining the Km constant for hydrolysis of protein with L-leucyl, ,&naph-thylamide (Fontigny et al. 1987) . The Km for proteolytic activity was 80 pg C liter-l (m 1.78 ,uM assuming average amino acid %C = 38.5 and average MW = 117) with a range in protein concentration of 40-350 pg C liter-' (0.9-7.8 PM). These values are well within the range of DCAA concentrations measured in the estuary (presented below).
From this experiment, several other obscrvations are noteworthy. First, uptake of labeled protein was linear with time, indicating the presence of bacterial enzymes to metabolize protein at the beginning of the experiment.
Second, CO2 evolution occurred from the start of the experiment, indicating that bacteria were actively metabolizing the labeled protein. Third, over the time-course the assimilation efficiency for the free amino acids was higher than that for the protein, 99 and 87% respectively. Competition experiments were performed over short time-courses to determine bacterial specificity for protein in seawater. The uptake of radiolabeled algal protein in the presence of unlabeled proteins and peptides was measured in natural water samples from the mid-and lower estuary in October 1986. Algal protein, added at much lower concentrations than the other proteins and peptides, most effectively competed with labeled protein, inhibiting 75-80% of the uptake (Fig. 3) . Also effective competitors for uptake of labeled protein were cytochrome c and tetraglycine; each inhibited 50-60% of protein uptake. BSA was least effective, but still inhibited as much as 35% of protein uptake. It is significant that algal protein was most competitive for labeled protein uptake; phytoplankton are an important source of carbon and, presumably, of bacterial substrate in the Delaware estuary (Pennock and Sharp 1986; Coffin and Sharp 1987; Murphy 1984) . Although the proteins were from different phytoplankton species, their compositions and structures must be similar enough that the bacteria did not discriminate among them. Similar metabolism ofthe proteins from different phytoplankton suggests that labeled protein could continue to be a valid tracer of protein degradation with the changes in phytoplankton species that accompany the seasonal transition from spring to summer (Pennock 1983; Murphy 1984) .
Another competition experiment cxamined the influence of several small peptides on the uptake of labeled protein (Fig. 4) . Trivaline inhibited protein uptake to the greatest extent, triglycine was least effective, and trilysine and tetraglycine were intermediate. Bacteria can transport peptides with up to six amino acids across the cell membrane without exoproteolysis (Payne 1976) . This experiment suggests that the smaller peptides do not compete for proteolytic enzymes, but instead competition is for uptake across the cell membrane. This situation is in contrast with the addition of larger proteins which must compete for pro-3 G *- teolytic enzymes as well as transport across the membrane.
These experiments showed that a broad size range of compounds inhibited labeled protein uptake. Although the labeled algal protein contained peptides of different sizes, both large proteins and small peptidcs effectively competed with it for transport across the cell wall. These results support the conclusions of Hollibaugh and Azam (1983) that bacteria degrade protein in seawater without specificity for the size of the molecule. The lack of specificity for peptide uptake suggests that protein can be used to estimate DCAA turnover rates in the estuary.
Dissolved amino acid pools-Total DFAA concentrations in the Delaware estuary ranged from 50 nM to 1.4 PM from February to August 1985 (Fig. 5) . DFAA concentrations were highly variable seasonally and spatially. Concentrations were slightly higher in summer and frequently were higher in the lower estuary than in the upper. The range of amino acid concentrations in the estuary compares well with reports from other aquatic environments.
Values were higher than typical concentrations for open ocean and coastal waters, which range from 18 to 277 nM (Carlucci et al. 1984; Fuhrman and Ferguson 1986; Keller et al. 1982; Jorgensen and Sondergaard 1984; Poulet et al. 1984) . Few estuarine DFAA concentrations have been published, but my observations compare well with values reported in the Kysing Fjord, Denmark, and eutrophic Danish lakes (78-3,672 nM, Jorgensen 1982 (78-3,672 nM, Jorgensen , 1987 .
Total DCAA concentrations were consistently greater than DFAA in the Delaware estuary; concentrations ranged between 0.1 and 8.0 PM (Fig. 6 ). Relatively few measurements of DCAA concentrations have been reported for estuarine waters. Over a sparser spatial and temporal sampling in the estuary, concentrations ranged from 0.5 to 7.0 PM (Cifuentcs 1982). In coastal and open-ocean waters DCAA values are generally lower than in the Delaware, ranging from 0.02 to 3.0 PM (Riley and Segar 1970; Daumas 1976; Lee and Bada 1977) . When plotted against salinity, DCAA concentrations were nonconservative, suggesting a source in the lower estuary. Phytoplankton production (Pennock and Sharp 1986 ) and bacterial production (Coffin and Sharp 1987) seem to be likely factors that control the DCAA pool in the lower estuary. DCAA concentrations were highest in early spring during the phytoplankton bloom. From late spring and into summer, the drop in DCAA corresponds to increased bacterial production.
A large proportion of the DCAA pool consisted of peptides with molecular weights < 1,000 daltons (Fig. 6) . Over all samples, an average of 60% (n = 55) of the DCAA pool was < 1,000 daltons. This trend was especially apparent in the lower estuary where phytoplankton production was high. The combined amino acid pool predominantly consisted of peptides > 100,000 or < 1,000 daltons; only a small percentage of the material fell in the intervening range. For a few samples the < 1 ,OOO-dalton frac- tion had a larger amino acid concentration than the < 1 OO,OOO-dalton fraction. This disparity may have been due to the retention of peptides that were < 100,000 daltons by the 1 OO,OOO-dalton ultrafilters (see methods and materials).
The occurrence of small peptides in the . lower bay suggested phytoplankton involvement. Their most immediate source is not clear, but several explanations are plausible. Phytoplankton protein may be broken into small peptides from autolysis of senesting organisms. Phytoplankton appear to release autolytic enzymes upon senescence; these enzymes may break proteins into smaller fragments (Meyer-Reil 198 1). Also, actively growing phytoplankton could be a source of the peptides. As much as 33% of the organic carbon released by phytoplankton can have molecular weights < 500 daltons (Chrost and Faust 1983) . Much of this material may be sugar and amino acid monomers, but some may also be small peptides. Bacterial enzymes may cleave the larger phytoplankton protein into smaller peptides. Bacterial proteolytic enzyme activity has been reported in estuarine waters (Hollibaugh and Azam 1983; Somville and Billen 1983) . The appearance of small molecules, possibly peptides of ~700 daltons, accompanied the degradation of BSA (Hollibaugh and Azam 1983) . This mechanism does not seem likely, however, because high concentrations of small peptides were noted in February when bacterial activity is lowest. The presence of peptides may also result from zooplankton grazing on phytoplankton.
A large contribution of small peptides in seawater is not surprising when compared to the molecular weight distribution of other dissolved compounds in seawater. In one study, 80% of DOC in the North Atlantic was <50,000 daltons (Sharp 1973) . Similarly, 40% of DOC in Tokyo Bay was estimated to be between 100,000 and 500 daltons (Ogura 1974) . The size range for carbohydrates in marsh, sound, nearshore, and offshore waters was estimated to be between 30,000 and 1,000 daltons (Wheeler 1976) . In a more recent study, the majority of DOM in the Gulf of Maine was < 1,000 daltons; 34% was > 1,000,6% was > 30,000, and 1% was > 100,000 (Carlson et al. 1985) .
Mole percent ratios of amino acids in DFAA, DCAA, and < 1 ,OOO-dalton peptide pools were analyzed to identify differences in composition among them (Fig. 7) . The most abundant amino acids in the DFAA pool were glycine, serine, glutamate, aspartate, and alanine; they accounted for N 7 5% of the total. Comparison of free and combined amino acids is difficult because acid hydrolysis degrades asparagine, glutamine, tryptophan, and methionine (Fig. 8) . Asparagine and glutamine degradation resulted in enrichment of aspartate and glutamate, respectively.
In addition, acid hydrolysis increased concentrations of glycine. Despite these limitations, comparisons of the amino acid pools showed important differences. The same five amino acids that were predominant in the DFAA pool were also major contributors to the DCAA and < l,OOO-dalton pools. Both of these peptide pools, however, contained higher percentages of valine, phenylalanine, isoleucine, leucine, arginine, and lysine than the DFAA pool (Fig. 7) . These data suggest that the combined amino acids supply bacteria with a larger complement of amino acids than does the free amino acid pool.
There is some potential for overestimating DFAA and DCAA concentrations. Filtration can burst delicate phytoplankton and zooplankton, subsequently increasing DFAA (Fuhrman and Bell 1985) and, presumably, DCAA. To minimize this problem, I gravity-filtered water samples through glass-fiber filters. Although Fuhrman and Bell (198 5) recommended against glass-fiber filters, quick comparisons against low vacuum filtration through other filters showed no significant difference in DFAA concentrations (Coffin unpubl.) . There is also a possibility that bacteria are not retained by the glass-fiber filter and could increase concentrations of DCAA. This problem did not seem serious, however, because the contribution of DCAA in ultrafiltrates (bacteria-free) was consistently a large fraction, and on several occasions nearly all, of the total DCAA pool.
Bacterial uptake of free and combined amino acids-The turnover time of the DFAA pool ranged from -26 h during February to 0.9 h during warmer, more active periods. From March to August, turnover times were generally between 1 and 6 h (Fig.  9A ). Average coefficients of variation for assimilation and respiration measurements were 10.7k8.3 (n = 221) and 13.Ok8.7 (n = 144). Spatially, amino acid turnover times were longest at the mouth and in the upper estuary, while faster turnover was measured in the middle. Cold temperatures, 2.O"C and below, appeared to decrease amino acid uptake rates.
Protein pool (DCAA) turnover times ranged between 4 and 180 h (Fig. 9B) . Similar to DFAA turnover, slowest times were measured in February when the water was coldest. Turnover times of the DCAA pool were fastest in the mid-and upper estuary and slower in the lower estuary. Slow turnover times noted for DFAA pools in the upper estuary were not observed in the DCAA pool. Low concentrations of DCAA and high concentrations of particulate amino acids in this region of the estuary suggest that combined amino acids were adsorbed to seston and perhaps not available to planktonic bacteria (Coffin 1986) .
The relative importance of free and combined amino acids to bacterial substrate demand was variable and appeared to depend on the availability of the amino acid pools. Both DFAA and DCAA uptake rates varied between 15 and 600 nM h-l (Fig. 10) . For all stations from February to August, averaged DFAA uptake was 114 nM h-l (SD + 14 1, n = 68), while averaged DCAA up- Gardner et al. 1986 ) and in offshore waters (O-1-30 nM h--l; Williams et al. 1976 ).
Between July 1984 and August 1985 values of DCAA uptake averaged 63 nM h ' for winter and 155 nM h-l for summer. Although little information is available on protein degradation rates in natural waters, a relatively large amount of data has been presented on proteolytic activity. With L-leucyl-fi-naphthylamine (LLBN) as a protein analog, rates of proteolytic activity in coastal waters range from 6 to 1,992 nm h-I (Somville and Billen 1983; Lancelot and Billen 1984; Rosso and Azam 1987) . In the Kiel and Schlei Fjords, estimates of proteolytic activity ranged from 1.6 to 49.8 pg C liter-' h-l (Hoppe 1983 ) or 36-1,100 nM AA h-l (assuming 38.5% carbon and MW of 117 for amino acids). Saturating concentrations of LLBN were added to water samples for these studies; thus rates represent maximal proteolytic potential. These two independent estimates of protein degradation are reasonably similar. values may not accurately represent bacterial assimilation efficiencies because incubation times were not long enough to allow internal substrate pools to reach isotopic equilibrium (King and Berman 1984) . The assimilation efficiencies do suggest, however, different mechanisms for processing the two amino acid sources. Protein is composed of a wide spectrum of amino acids when compared to natural free amino acid pools, in which four or five amino acids are usually dominant. When taking up proteins, bacteria can transport peptides as large as six amino acids across their cell membranes (Payne 1976) . This observation suggests that, when peptidcs are transported across the membrane, bacteria cannot select all amino acids in accordance to their requirements for protein synthesis. Thus, amino acids that are in excess of the requirements for protein synthesis may be catabolized, excreted, or used as building blocks for other amino acids. A recent hypothesis suggests that bacteria closely regulate amino acid uptake in meeting protein synthetic requirements; luxury uptake does not occur (Kirchman and Hodson 1986) . If this hypothesis is correct, bacteria would not store amino acids unessential for protein synthesis, which could account for the lower protein assimilation efficiencies. Further, previous studies that have measured only free amino acid uptake by bacteria may underestimate bacterial amino nitrogen metabolism.
